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Ellipsometry on a series of Co-Si interfaces, for which the equivalent polycrystalline Co deposits differ by only a
few monolayers, shows that a large decrease in refractive index of the glassy surface layer occurs quite sharply at
Co deposits slightly less than the amount necessary to effect the semiconductor-metal transition observed with dc
temperature coefficient-of-resistance measurements at 100 K. This observed behavior of the optical constants of
the glassy layer can be interpreted by using a simple model for the optical-frequency polarizability of a localized
electron state with a phenomenological localization parameter, which decreases with increasing Co deposit.
INTRODUCTION
Compound nucleation at metal-semiconductor interfaces has
been the subject of considerable research effort,l" centered
primarily on the structural and electrical changes that occur
previous to, and simultaneously with, compound nucleation.
In recent work on the Co-Si system, Ben6 et al.5 hypothesize
that Co2Si nucleation is triggered by a local-delocal electronic
phase transition in the glass phase that exists at the Si surface
before nucleation. These authors base their hypothesis on
some transmission electron diffraction (TED) pictures of
heavily doped Si substrates onto which ultrathin Co layers
have been sputtered. They found that nucleation of Co2Si
occurred for the thinnest deposit they could prepare. In
contrast, results on 4-10-Q-cm Si substrates indicate that
nucleation occurs at some critical Co-deposit thickness that
is dependent on substrate preparation and sputtering con-
ditions. It seems reasonable to classify semiconducting and
metallic samples by measuring the temperature coefficient
of resistance (TCR) at temperatures at which Schottky barrier
electrodes leak insignificant current through the Si substrates
(in this case, T < 100 K).5
Ellipsometric measurements of the Co-Si interface yield
layer thicknesses and optical constants versus Co-deposit
thickness that complement the TED and TCR measurements.
In earlier studies of the optical properties of the Co-Si inter-
face at 632.8-nm wavelength, 6 we found a marked decrease in
the refractive index n of the region immediately beneath the
original Si surface for samples with sufficient Co sputtered
onto them to drive the TCR positive. However, the Co-
thickness increment for that set of samples was too large to
establish whether the observed change in n was smooth or
nearly discontinuous.
In this paper we employ ellipsometry to follow the changes
in refractive index of the interface layer for a series of samples
with Co deposit increasing by small increments through the
value necessary to effect the semiconducting-to-metallic
transition observed in TCR measurements. We find that, for
the smallest increments in Co-deposit thickness that we can
controllably fabricate, the change in refractive index occurs
sharply. These measurements constitute optical evidence
for a local-delocal electronic phase transition in the glassy
surface layer.
EXPERIMENT AND RESULTS
The sample preparation and ellipsometric measurement
procedures have been described elsewhere,6 as has the TCR
measurement. 5 The polished Si substrates were prepared for
sputtering by the following procedure:
(1) Immersion and ultrasonic agitation in boiling reagent
trichloroethylene for approximately 6 min,
(2) Ultrasonic agitation in acetone for 3 min,
(3) Ultrasonic rinse in methanol for 3 min,
(4) Acid etching in 5% HF for 40-60 sec,
(5) Storage immersion in spectrum-quality methanol,
(6) Deionized-water rinse before installation in sputtering
chamber,
(7) Short back-sputter etching in chamber before depo-
sition of Co.
The samples were prepared by rf sputtering high-purity Co
onto single-crystal Si substrates at room temperature.
Presputtering background pressure was about 1.5 X 10-6 Torr,
and Ar partial pressure during sputtering was 2 X 10-2 Torr.
For the 2-keV sputtering potential and the 0.1-nm/sec depo-
sition rate, which correspond to an incident energy flux of
about 0.3 W/cm, it seems reasonable to assume negligible
substrate heating during these depositions.6 For this work,
all samples were prepared and sputtered in pairs so that TCR
measurements could be taken and a set of samples selected
that bracketed the semiconductor-metal transition. It has
been pointed out elsewhere5 that surface preparation, sput-
tering conditions, and sample history can affect the critical
Co-deposit thickness necessary for the semiconductor-metal
transition. Therefore in these experiments it is important
to cover, with small increments of Co deposition time, the
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region where the TCR changes sign. For the set of samples
used here, the Co sputtering times were 65, 70, 75, and 80 sec,
corresponding to deposition of about 6.5, 7.0, 7.5, and 8.0 nm
of polycrystalline Co if all Co had remained on the surface. 5
The 65- and 70-sec depositions had small, negative TCR's at
100 K, whereas the 75- and 80-sec depositions had small,
positive TCR's.
The multiple-angle-of-incidence, least-squares-minimi-
zation algorithm described earlier6 was used to estimate the
optical constants and film thicknesses of the assumed optical
model for the surface shown in Fig. 1. This algorithm esti-
mates all optical constants and thicknesses shown in Fig. 1,
not just those for the lower film. The properties of the upper
layer (residual oxide and contaminants) are strongly depen-
dent on sample history and will not concern us here. As was
the case with the samples studied in Ref. 6, k and d in Fig. 1
were found to increase smoothly through the Co deposition
time corresponding to the change in sign of the measured
TCR. The quantity of interest in the model of Fig. 1 is n, the
refractive index of the Co-Si glass. The results of the least-
squares estimation of An, the change in n with respect to the
substrate versus deposition time, are shown in Fig. 2 for the
samples studied here (filled circles); the samples of Ref. 6
(open circles) are added for reference. Because of the ex-
perimental errors associated with measuring the ellipsometer
angles A and 4A, there is an uncertainty of 10.07 in the esti-
mates of An. If this uncertainty is considered, the samples
of this work, and those of Ref. 6, can be divided into two
groups: those with n about 0.1-0.2 higher than the substrate,
and those with n from 0.3 to 0.5 lower than the substrate.
This large change in n for the glassy layer takes place between
samples differing by -5 sec of deposition time. This depo-
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Fig. 1. Two-layer optical model of the Co-Si interface for very thin
sputtered Co deposits.
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Fig. 2. Least-squares estimates of n versus Co deposition time for
samples used in this work (filled circles) and those of Ref. 6 (open
circles).
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Fig. 3. Trajectories in the i\-A plane, measured with respect to clean
bulk Si, for three angles of incidence near the pseudo-Brewster angle.
Squares, 65-sec deposition; filled circles, 70-sec deposition; open
circles, 75-sec deposition; triangles, 80-sec deposition.
sition-time increment corresponds to approximately 0.5-1 nm
of polycrystalline Co, or just one or two monolayers.
Growing films have often been studied by plotting a tra-
jectory in the Pi-A plane as film growth progresses. 7 This
approach has been used for films formed electrochemically,8
by absorption,9 and by oxidation. Constant n curves are often
used as nomograms to determine thickness of transparent
films on known substrates. From the shape of such curves,7
it is reasonable to expect that if a film undergoes a nearly
discontinuous change in n while growing, the path of experi-
mental points in the V/-A plane will contain a discontinuous
jump between paths corresponding to different, but constant,
values of n. Such behavior is readily apparent in this set of
samples, as is shown in Fig. 3 for three incident angles near the
pseudo-Brewster angle.
Also apparent in Fig. 3 is that the sample with 70-sec de-
position time, which still had the negative TCR characteristic
of the semiconducting Co-Si glass at lower deposition times,
had changed optically, from higher to lower refractive
index.
DISCUSSION
This set of measurements establishes that it takes the addition
of only one to two monolayers of Co to trigger the sharp drop
in refractive index associated with the changeover from
semiconducting to metallic electrical behavior. However, the
TCR rises smoothly through zero with increased Co deposi-
tion.
If a metallic phase is nucleating in the semiconducting
matrix, a transition from semiconductorlike to metal-like
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optical properties would be expected at slightly lower Co de-
position time than those required to drive the TCR positive,
since a percolation path' 0 between electrodes would have to
form out of the metallic islands.
That the amount of Co deposit necessary to nucleate Co2Si
is drastically lower for degenerately doped substrates than for
4-10 Q-cm ones constitutes a strong argument for the inter-
pretation that a local-delocal electronic phase transition in
the semiconducting glassy surface layer acts as a triggering
mechanism for Co2Si nucleation. 5 The behavior of the optical
constants as Co is added to the surface layer, observed here
and in Ref. 6, is also evidence for such an electronic phase
transition.
Following Mott and Davis," we model the charge density
for a localized state by considering that the electron wave
function has an exponential envelope whose spatial extent is
a measure of localization. Since we do not know the form of
the wave function under the envelope, we assume that it is
constant, yielding a charge density of the form
p(r) = poer, (1)
where -y is a measure of delocalization and po can be found
from normalization as
po = -qy 3 /(47), (2)
where q is the electron charge. An applied electric field will
displace this charge density slightly with respect to the posi-
tive charge that neutralizes it, thereby inducing a dipole. For
small displacements x, the coulomb restoring force F (mks
units) is
273F q 2x, (3)
127rE
where e is the low-frequency permittivity. For small x (weak
optical field) this system is a polarizable harmonic oscillator
with a resonant angular frequency wo given by
I q2y3 \1/2
=12wem J (4)
with m as the electron mass. At an optical frequency w this
state has a complex polarizability given by
a(w) = q2[m ( - w2 + it@)J', (5)
where we have included A, a phenomenological damping
constant for the oscillation.
Suppose that, at low Co-deposition times, these states are
highly localized; that is, -y - 1/a, where a is of the order of the
radius of an atomic wave function Their resonant frequencies
would then lie above those of visible light, resulting in a pos-
itive contribution to the real part of a and hence to n. As
delocalization occurs, -y decreases by orders of magnitude,
finally approaching zero for complete delocalization. As
delocalization progresses, w0 drops rapidly through the optical
frequency range, turning the real part of a negative and finally
resulting in the well-known small but negative free-carrier
contribution to the refractive index when delocalization is
complete.'2
How the damping factor t depends on y is not clear, but for
amorphous Si at 632.8 nm, absorption of the optical field is
probably dominated by interband transitions that would mask
any effects delocalization might have on k.
Equation (5) indicates that, if t is not too large, the sign
reversal in the real part of a could occur over a relatively
narrow range of the localization parameter y and hence over
a narrow range of Co deposit. However, even with a rapid sign
reversal in a, the measured value for n might change slowly
with Co deposition if growth of the metallic glass phase over
the surface proceeded slowly, once initiated. The measured
optical constants for the surface layer would then be a com-
bination of those of the metallic and semiconducting phases,
weighted according to some effective medium theory.13 The
observed rapid change in n with increasing Co deposition
therefore shows that growth of the metallic phase over the
interface is very rapid, once initiated. Polycrystalline Co2Si
subsequently nucleates out of the metallic glass phase.
CONCLUSION
Ellipsometry on a set of Co-Si interfaces with Co depositions
equivalent to one to two monolayers apart shows that the
observed large decrease in the refractive index of the glassy
surface layer is very sharp and occurs at Co depositions
slightly less than the amount required to drive the TCR
(measured at dc and 100 K) positive. The refractive-index
change can be calculated from least-squares fitting of multi-
ple-angle-of-incidence experimental data or can be observed
as a kink in the trajectory of data points in the 4l-A plane as
the amount of deposited Co increases, if the angle of incidence
for observation is properly chosen.
This behavior of refractive index with increasing Co depo-
sition is consistent with the hypothesis of a local-delocal
electronic phase transition, as shown by a simple model for
the optical frequency polarizability of a localized electron
state, as the localization is reduced.
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